Extreme climatic activities, such as typhoons, are widely known to disrupt our natural environment. In particular, studies have revealed that typhoon-induced perturbations can result in several long-term effects on various ecosystems. In this study, we have conducted a 2-year metagenomic survey to investigate the microbial and viral community dynamics associated with environmental changes and seasonal variations in an enclosed freshwater reservoir subject to episodic typhoons. We found that the microbial community structure and the associated metagenomes continuously changed, where microbial richness increased after typhoon events and decreased during winter. Among the environmental factors that influenced changes in the microbial community, precipitation was considered to be the most significant. Similarly, the viral community regularly showed higher relative abundances and diversity during summer in comparison to winter, with major variations happening in several viral families including Siphoviridae, Myoviridae, Podoviridae and Microviridae. Interestingly, we also found that the precipitation level was associated with the terrestrial viral abundance in the reservoir. In contrast to the dynamic microbial community (L-divergence 0.73 ± 0.25), we found that microbial metabolic profiles were relatively less divergent (L-divergence 0.24±0.04) at the finest metabolic resolution. This study provides for the first time a glimpse at the microbial and viral community dynamics of a subtropical freshwater ecosystem, adding a comprehensive set of new knowledge to aquatic environments.
Introduction
Natural disturbances cause short-term changes in environmental conditions, and usually result in long-lasting ecological effects that create temporal and spatial heterogeneity in ecosystems (Sousa, 1984) . The island of Taiwan provides an ideal platform to study these effects. It is located in the Western Pacific on the boundary between tropics and subtropics, and typhoons (i.e., tropical cyclones or hurricanes) are among its various seasonal disturbances, with an average annual occurrence of 3.7 (Wu and Kuo, 1999) . Strong winds and torrential rain are typical components of typhoons that disrupt the natural environment. Strong wind-induced vertical mixing and upwelling pump nutrients (carbon, nitrogen, phosphorus and silicon) from deep water, and enhance chlorophyll a concentration (Vinayachandran and Mathew, 2003; Walker et al., 2005; Byju and Kumar, 2011; Hung and Gong, 2011) . Abrupt torrential rain contributes to the concentrated influx of organic carbon and nutrients to the ocean (West et al., 2011) , which is considered as the main cause of the post-storm increase in phytoplankton growth and primary production in coastal and estuary ecosystems (Chang et al., 1996; Shiah et al., 2000; Paerl et al., 2006) .
The impact of artificial disturbances to microbial community has also been studied in a temperate lake. According to Shade et al. (2011) , supplementing oxygen was a more intense disturbance to the hypolimnion community when compared with water mixing, whereas adding nutrients was less intense than mixing in the epilimnion. Although the communities changed quickly upon disturbing, they demonstrated resilience 10 days after treatments. Shade et al. (2012) further extended their study for a larger disturbance, an artificial mixing that increased water temperature thus changed the limnological conditions. In both epilimnion and hypolimnion, the communities changed as the result of disturbance, and returned to the premanipulation state by 7 and 11 days, respectively, as some parameters (e.g., oxygen level) recovered. Both experiments consistently demonstrated that the lake microbial community was less resistant but highly resilient to artificial disturbances.
Several inland freshwater ecosystems in Taiwan have previously been used to monitor natural disturbances like typhoon. For instance, a study of a subalpine freshwater lake showed that typhoons disturbed the microbial community by inducing water-mixing (Jones et al., 2008) . The Feitsui Reservoir (FTR), an enclosed freshwater reservoir, is also a renowned study site located in North Taiwan ( Figure 1 ). Existing evidence shows that typhoons disrupt the thermal stratification of the water column and elevates turbidity by initiating the suspension interflow (Chen et al., 2006) . Typhoons also change dissolved oxygen level by delivering oxygen-rich water to the reservoir (Fan and Kao, 2008) . A 4-year survey further demonstrated the ecological interaction between typhoons and dissolved organic carbon dynamics. As phosphate is a limited nutrient in FTR, the typhoon-induced phosphate pulse relieves bacteria from phosphate starvation, and then leads to a high consumption rate of dissolved organic carbon (Tseng et al., 2010) . The advent of metagenomics has enabled us to ask the following questions to investigate these eminent typhoon-induced effects of reservoir ecology at a much finer scale: What is the microbial community composition and dynamics in FTR? What is the association between environmental changes and community dynamics? What are the metabolic traits of microbial community underpinning the reservoir?
In addition to microbes, environmental viruses are now adding a wealth of knowledge to ecological studies since the maturation of metagenomic technologies and approaches (Edwards and Rohwer, 2005) . Studies on marine viruses (most of which are bacteriophages) have revealed their important roles in mediating microbial diversity and biogeochemical cycling (Breitbart, 2012) . These significant discoveries have motivated us to also examine their freshwater counterparts. Viral communities and metagenomes in natural freshwater ecosystems have previously been described in various lakes and perennial ponds in Sahara. The study looking into freshwater RNA viruses suggested that the freshwater lake ecosystems might serve repositories of pathogenic and non-pathogenic RNA viruses because of their direct contact with humans, and domestic and wild animals (Djikeng et al., 2009) . In an Antarctic lake, Lopez-Bueno et al. (2009) found a large proportion of eukaryotic viruses and the seasonal shifting of viral types, which in ice-covered spring were more single-stranded DNA (ssDNA) viruses and in open-water summer the community was dominated by double-stranded DNA (dsDNA) viruses. The viral assemblages in two distant freshwater lakes in France differing by ecological parameters were genetically similar with each other but distinct from other aquatic ecosystems. The phylogenetic analysis on conserved proteins in major viral groups suggested that the two lakes probably composed of evolutionarily close virotypes and differed mainly in the relative abundance of viral species (Roux et al., 2012) . In the study of four perennial ponds in Sahara, tailed phages were found to be the most abundant in surveyed communities. The differences in viral community structure and temperate (i.e., lysogenic) virus abundance were hypothesized to result from the critically low water level in one pond (Fancello et al., 2012) . However, compared with marine environments, viral communities in freshwater are still much less studied. Our study is the first attempt to report the freshwater viral communities that are frequently disturbed by extreme climatic activities.
This study reports on the results of a long-term survey of FTR spanning from July 2007 to January 2009, comprising 12 microbial and viral metagenomes. We also identified several metabolic traits that explain environmental selection processes and functional preference using comparative approaches. This study has provided much needed insight into the interactions between microbes, viruses and environmental changes of a subtropical freshwater ecosystem.
Materials and methods
Sampling site, sample collection and preparation The sampling site in this study was the FTR (24154 0 36 00 N, 121134 0 55 00 E) (Figure 1 ), which supplies water to over four million people living in metropolitan Taipei and surrounding suburbs. The deepest site of FTR is next to the dam, of 113.5-m depth. The reservoir is located downstream of the Kingkwa Creek, the Diyu Creek and the Peishih Creek, and has a watershed of 303 km 2 (Chen et al., 2006; Fan and Kao, 2008) . Freshwater samples were collected at the dam site (Figure 1) , where all the water converged.
As disturbances to FTR are predominantly caused by typhoons during summer and deeper water mixing in winter (Tseng et al., 2010) , a total of six sampling events were conducted (four in summer and two in winter) on (Table 1) . Sampling was undertaken between 0900 and 1200 hours, water parameters were also measured as described previously (Tseng et al., 2010) , and daily precipitation data from 2007 to 2009 were obtained from the Taipei FTR Administration Bureau. During sampling, 150-l freshwater was pumped up from 5-m depth and directly filtered through a 10-mm membrane into plastic carboy bottles. In the laboratory, the microbes and viruses contained in the freshwater samples were separated by 0.22-mm membrane filters using a tangential-flow filtration system as described previously (Thurber et al., 2009) . The filtrate containing viruses was further concentrated using a 50-kDa filter. After being treated with DNase I (New England Biolabs UK Ltd, Herts, UK) to digest free DNAs, virus-like particles were then purified using discontinuous cesium chloride gradients by ultracentrifigation at 1.35-1.5 g ml À 1 density (Angly et al., 2006) . Virus-like particles were confirmed by transmission electron microscopy.
DNA extraction, sequencing, assembly and annotation The 300-ml microbial retentate was firstly spun down by high-speed centrifugation and used for DNA extraction via cetyltrimethylammonium bromide (CTAB) method (Wilson, 2001 ). Viral DNAs were extracted from purified virus-like particles using formamide/cetyltrimethylammonium bromide method (Angly et al., 2006) . After DNA quality and quantity check by DNA agarose gel electrophoresis, viral DNAs were amplified with the Genomiphi kit (GE Healthcare Life Science, Piscataway, NJ, USA) to collect enough amounts of DNA for next-generation sequencing. Both purified microbial and viral DNAs were subject to 454 pyrosequencing using the Roche GS FLX System (Roche 454 Life Sciences, Branford, CT, USA) at Mission Biotech (Taipei, Taiwan). The default settings in GS Run Processor (v2.5, Roche 454 Life Sciences) were used for read quality control. High-quality reads were subsequently assembled using GS de novo Assembler (v1.1.02, Roche 454 Life Sciences) with a 40-bp minimum overlap and 99% consensus. Contigs with any ambiguous base (N) were excluded from open reading frame (ORF) prediction by MetaGeneMark (http://exon.gatech.edu). Each putative ORF protein was searched against the National Center for Biotechnology Information (NCBI) non-redundant protein database using BLASTp. Matches with an e-value o10 À 5 were grouped based on the identical description (i.e., annotation) of each hit. In the group with the highest totaled bit score, the best hit was chosen to annotate the query sequence. To infer Clusters of Orthologous Group (COG), each protein was assigned to the best match in eggNOG (v3.0) database (Powell et al., 2012) using BLASTp with an e-value cutoff of 10 À 5 . Clustered regularly interspaced short palindromic repeats were identified in contigs using PILER-CR (v1.06, http://www.drive5. com/pilercr) with default settings. . Every set of data was divided by total counts for normalization. Please refer to Supplementary Information for detailed lists of public data set. The association between community and environmental variables was verified by multivariate analysis of variance. All statistical and multivariate analyses were performed in R (http://www.r-project.org). The functional enrichment analysis and Poisson regression were performed using the R package ShotgunFunctionalizeR (Kristiansson et al., 2009 ).
L-divergence and analysis of similarity
The difference of microbial functional profiles was quantified by L-divergence (Lin, 1991) and tested using analysis of similarity at the finest metabolic resolution level (i.e., COG families). Analysis of similarity was performed using the R package vegan (Oksanen et al., 2007) with arbitrarily grouping six samples into two groups by all possible permutations: (1) one sample in one group and five samples in the other (6 permutations); (2) two samples in one group and four samples in the other (15 permutations); and (3) three samples in both groups (20 permutations).
Microbial and viral community analyses
Multiplex sequencing of the bacterial 16S V1-V2 variable regions was conducted as described previously (Hamp et al., 2009; Chen et al., 2011) for six microbial samples. The clone library of the first two samples was constructed as the control for validating community reproducibility. Details of both multiplex sequencing and clone library construction are available in Supplementary Information. In brief, after sequencing (Roche 454 GS FLX Titanium System; Mission Biotech), chimera checking and quality trimming, qualified reads were classified using RDP classifier (v2.3) (Wang et al., 2007) with a bootstrap value of 0.8, followed by an analysis on unclassified reads using an in-house script called Greedy-Fetching (http://tanglab.csie.org/gf) (Chen et al., 2011) . Chloroplast reads were excluded from further analyses. Reads of each sample were aligned by MUSCLE (http://www.drive5.com/muscle) and further analyzed in MOTHUR (Schloss et al., 2009) to generate operational taxonomic units (OTUs) with a 3% cutoff value. OTUs are used for the estimation of evenness, richness, the ShannonWeaver index, Chao1 estimator, the Simpson index and rarefaction curves. For community clustering, pairwise distances were calculated using FastUniFrac (Hamady et al., 2010) , and tested by a P-test on the FastUniFrac web interface (http://bmf2.colorado.edu/fastunifrac). The robustness of clustering was determined by the Jackknife Sample Clusters option.
Viral community structure and diversity were modeled using PHACCS (v1.1.3, http://sourceforce. net/projects/phaccs) based on the contig spectra generated by Circonspect (v0.2.5, http://sourceforge. net/projects/circonspect) with default settings. For taxonomy identification, contigs in viral metagenomes were searched against the NCBI RefSeq viral protein collection (ftp://ftp.ncbi.nlm.nih.gov/refseq/release/ viral) using BLASTx with an e-value cutoff of 10 À 5 (single best match). Owing to the fact that (1) the viral concentration in FTR (average 1.8 Â 10 7 per ml; Supplementary Figure S15 ) is much higher than the number of sequenced reads (i.e., average 80 000 reads per sample; Table 1 ); and that (2) the length of viral genomes is relatively short, we therefore assumed that every read that assembled into a contig originated from different viral particles (of the same viral type). We were therefore able to calculate the abundance of viral communities using an equation weighting the number of reads by the alignment quality and contig length (Supplementary Material and methods).
Data deposition
Multiplex sequenced reads (bacterial 16S V1-V2 region) and both microbial and viral metagenomes have been deposited to the NCBI Sequence Read Archive under the accession number SRA048150.
Results
Sampling, typhoon history and metagenome overview From July 2007 to January 2009, we collected samples at six predetermined intervals for both microbial (M) and viral (V) metagenome library construction. As water stratification is upset by typhoons and lower temperatures, we sampled M1 and M2 in the summer of 2007, before/after the occurrence of typhoons. We then sampled M3 in January 2008 during winter. In 2008, typhoon events occurred at similar times to 2007 (Figure 2 ), so we sampled M4 and M5 in July and August, respectively, to detect whether there was similar gene content in the reservoir. Finally, we sampled M6 in January 2009. Viral metagenomes were all copurified from the microbial samples, and denoted V1-V6.
We note that 12 typhoon alarms were sounded during the total period of collecting our samples: three occurred between M1 and M2, and two between M4 and M5. Most typhoons were followed by peaks in precipitation levels (Figure 2) , which demonstrated the fundamental role of a typhoon as the primary source of water for FTR in summer.
Microbial and viral metagenomes were sequenced using a whole-genome shotgun approach (Table 1 and Materials and methods). A total of 218 412 ORFs were identified, with an average of 28 458 ORFs in each microbial metagenome and an average of 7944 ORFs in each viral metagenome. An average of 57.3% microbial and 31.7% viral ORFs found hits in NCBI-nr database, and 41.0% microbial and 20.6% viral ORFs were assigned to known COGs. In the BLAT analysis, an average of 17.9% microbial and 12.6% viral contigs showed homology to compared foreign metagenomes (Supplementary Table S1 ).
Analysis of GC content (guanine-cytosine content) revealed different dynamic patterns in the metagenomes (Table 1 ). An annual %GC discrepancy was found between M1-M3 and M4-M6 metagenomes by 10%. Furthermore, M2 had distinctively lower %GC in comparison to M1 and M3, whereas M4, M5 and M6 showed little discrepancy. The viral metagenomes varied in %GC from between each sampling interval. When comparing the collected metagenomes with foreign metagenomes (see Materials and methods), we found that M4 to M6 clustered together, whereas the viral samples possessed a more scattered distribution (Figure 3 ). Similar environmental parameters that were observed when sampling M4 to M6 ( Supplementary Table S2 ) suggested that the concurrent conditions have a more deterministic effect on microbial communities compared with the associated viral communities.
Microbial community in FTR
We cloned bacterial 16S rRNA genes in the M1 and M2 communities to validate the reproducibility of multiplex sequencing (Supplementary Materials and methods). High correlations indicated that the multiplex sequencing has enough resolution for microbial community analysis at the class level (Supplementary Figure S1) . The comparison of microbial community compositions inferred from multiplex sequencing and metagenomic data also show significant correlations (r's) with a mean ± s.d. of 0.756 ± 0.119 (Po0.05) (Supplementary Table S3 ).
In FTR, microbial communities predominantly comprised of four phyla: Bacteroidetes (39%, averaged from M1 to M6) and Proteobacteria (33%), followed by Actinobacteria (8%) and Cyanobacteria (6%) (Figure 4 ). Varying levels of abundance of six major classes of bacteria, including Actinobacteria, Flavobacteria, Sphingobacteria, Alphaproteobacteria, Betaproteobacteria and Cyanobacteria, characterized M1 through to M6 (Supplementary Figure S2) . The clustering results based on UniFrac distances suggested that M1 and M5 possessed similar community structure, whereas M3 and M6 (winter samples) were also found to be similar ( Figure 5 ). The rarefaction curves demonstrated that our samplings were close to saturation (Supplementary Figure S3) . The Shannon index (H 0 ) ranging from 4.49 to 5.34 (Supplementary Table S4) quantitatively suggested a high diversity that is similar to the microbial communities in coastal reef water in southern Taiwan (Chen et al., 2011) and coastal seawater in North Sea (Bolhuis and Stal, 2011) . We observed a recurring pattern of an increase in species richness after typhoons (i.e., M2, M4 and M5) (Supplementary Table S4) , which was probably due to the post-storm elevation of phosphate, a limited nutrient in FTR (Tseng et al., 2010) . Besides that, the runoff water could introduce exotic species to the reservoir, which might also contribute the increased richness after typhoons.
To explain the dynamics in microbial community composition, multivariate analysis of variance was applied to identify the significant associations between environmental variables (Supplementary Table S2 ) and the relative abundance of the six identified major bacterial classes.
The abundance of Flavobacteria positively correlated with oxygen concentration in the reservoir (Pearson's correlation r ¼ 0.952; P ¼ 0.003), consistent with their aerobic lifestyle. The marginal significance of past 2-week (before sampling) precipitation levels (r ¼ 0.815; P ¼ 0.048) implied that the precipitation only had minor effects on Flavobacteria populations. On the other hand, Sphingobacteria were found to be negatively correlated with the precipitation levels up to 2 weeks before sampling (r ¼ À 0.956; P ¼ 0.003) as well as the precipitation brought by typhoons (r ¼ À 0.831; P ¼ 0.040), suggesting that the external water input reduced their relative abundance. The Alphaproteobacteria population was negatively correlated with the silicate concentration (r ¼ À 0.854; P ¼ 0.003). Finally, bacterial biomass-a measure the bacterial cell density in samples-followed a negative trend with the abundance of Actinobacteria (r ¼ À 0.827; P ¼ 0.042) and Cyanobacteria (r ¼ À 0.862; P ¼ 0.027), but followed a positive trend with Betaproteobacteria (r ¼ 0.835; P ¼ 0.039).
Microbial functional profiles in FTR
Functional gene annotation based on COG classes revealed that the metabolic profiles of M1-M6 metagenomes were very similar to each other (Supplementary Figure S4) . As a COG class is a general level of functional categorization, we further quantified the difference of M1-M6 COG profiles at the finest metabolic resolution (e.g., COG family) using the L-divergence measure (Lin, 1991) , which has a scale from 0 (identical) to 2 (highly divergent).
Results showed a small divergence with a mean ± s.d. of 0.24 ± 0.04. The COG family profiles were also tested using analysis of similarity and no significant difference was reported from all possible permutations (see Materials and methods). With the distinct community structure of M2 (Figure 4 ), we also found its metagenome possessed more genes involved in cell wall/membrane/envelop biogenesis (M, P ¼ 5.23 Â 10 À 5 , Poisson model, comparing two groups), and less in amino-acid transport and metabolism (E, P ¼ 0.0137), and energy production and conversion (C, P ¼ 0.0486). We believe that M2 (post-typhoon) represents a special case among our samples. The higher oxygen and phosphate but lower nitrate concentration (Supplementary Table  S2 ) in M2 might give rise to the observed differential metabolic preferences.
In correspondence analysis plot (Supplementary Figure S5) , the functional profiles of M1-M6 clustered with other lake and separated from soil and ocean metagenomes, again highlighting the causal relationships of niches on metabolic potentials (Dinsdale et al., 2008) . As M1-M6 were collected from a subtropical freshwater reservoir, the enclosed nature of the reservoir caused them to be of different genomic make-up in comparison to the ocean and other lakes. We therefore applied a comparative approach to identify specific metabolisms that are inherent in the FTR microbial community.
The statistical comparison using ShotgunFunctionalizeR against ocean metagenomes (Sargasso Sea: GS000A and GS000C; coastal ocean: GS008 and GS014; open ocean: GS018 and GS023) and a tropical freshwater reservoir metagenome (GS020), respectively, revealed 625 and 607 OGs significantly enriched in FTR (Po0.05, Poisson model, comparing two groups).
Relative to the ocean metagenomes, FTR harbored more genes involved in replication, recombination and repair (category L, P ¼ 5.08 Â 10 À 5 , binomial test), carbohydrate transport and metabolism (G, P ¼ 1.57 Â 10 À 4 ) and defense mechanisms (V, P ¼ 0.0309) (Supplementary Figure S6A) . Among carbohydrate-related functions, in addition to genes for metabolites transporter (COG0477 and COG0697), polysaccharide degradation (COG0366, COG3250, COG3669 and COG4409) and glycolysis (COG1482), we also found several genes for the regulation of glycogen synthesis (COG0058, COG0296) (Supplementary Figure S7) . Abundant functions for carbohydrate metabolism implied that microbes in FTR are more versatile in utilizing polysaccharides, which might result from the high dissolved organic carbon anomaly in the FTR (27-270 mM) (Tseng et al., 2010) when compared with the tropical and subtropical surface oceans (60-80 mM) (Ogawa and Tanoue, 2003) . Also, as suggested by the fact that bacteria usually perform glycogen synthesis under the limited growth condition with excessive carbon (Preiss, 1984) and based on the constantly low phosphate concentration in FTR (Supplementary Table S2 ), we suspect that FTR remains in an imbalanced trophic state with plentiful carbon but limited phosphate. In the DNA-processing COG category, we found that FTR microbial metagenomes were enriched with transposase (COG2801, COG3039 and COG5421) (Supplementary Figure S7) , suggesting that bacterial genome recombination may be a frequent genomic activity in the local community and likely have a much more important role in microbial genome response to perturbation events.
In the comparison to Lake Gatun, not only did we again find overabundant genes for carbohydrate metabolism (G, P ¼ 1.94 Â 10 À 4 ) but we also found genes for defense mechanism (V, P ¼ 0.0074), cell motility (N, P ¼ 0.0075), signal-transduction mechanisms (T, P ¼ 0.0096), secondary metabolites biosynthesis, transport and catabolism (Q, P ¼ 0.0414) and function unknown (S, P ¼ 0.0439) in FTR (Supplementary Figure S6B) . The top-10 significant OGs of defense mechanism can be summarized into three major functions, including: (1) the restriction enzymes (COG1002, COG0286, COG0610, COG0732 and COG4096); (2) multidrug efflux pump and transporter (COG0841 and COG1132); and (3) bacteriocin and antibiotics resistance genes like antimicrobial peptide transporter, microcin resistance protein and b-lactamase (COG0577, COG1619 and COG1680) (Supplementary Figure S8) . The enriched restriction enzyme and bacteriocin resistance genes suggested that the microbial community in FTR may be subject to constant attacks from not only viruses but also bacteria, which further implied the higher bacterial competitiveness in the reservoir with rich farm-discharging nutrient (Zehetner et al., 2008) than Lake Gatun. As suggested by the enriched antibiotic resistance genes, we speculate that the antibiotics discharged from the tea plantation in the catchment area likely influenced metabolic selection within the community by retaining microbes that are more capable of dealing with antibiotics.
Following functional enrichment analysis, we used Poisson regression to associate environmental variables with COG categories, which revealed that the phosphate concentration correlated (Po0.05) with 19 OGs (0.43% of total OGs, the most), whereas bacterial biomass, pH, salinity and typhoon precipitation correlated with only one OGs (0.02%, the least). Among the top-10 phosphate-correlated OGs (Supplementary Figure S9) , the abundance of three OGs positively correlated with phosphate availability, two of which were phage-related enzymes (ribonucleotide reductase, COG0208, P ¼ 0.0003; muraminidase, COG3772, P ¼ 0.0014) and one was without any recognizable function to phage physiology or metabolism (4-aminobutyrate aminotransferase, COG0160, P ¼ 0.0043). According to the fact that 77% (30/39) COG0160 ORFs best matched to Actinobacteria homologs, the observed positive correlation might be contributed by the concurrent abundance of Actinobacteria, which also demonstrates the highest COG0160 copy number in all sequenced bacterial genomes (Supplementary Figure S10) . The negative correlation between phosphate and alkaline phosphatase (COG1785, P ¼ 0.019, ranked 13th) delineated the environmental selection of low phosphate availability on bacteria with alkaline phosphatase.
Viral community in FTR
As there is no universal gene in all viruses that can be used for phylogenetic or taxonomic identification (Rohwer and Edwards, 2002) , we reconstructed the viral community through contig homology search (see Materials and methods). Typical bacteriophage families (i.e., Siphoviridae, Myoviridae and Podoviridae) and Microviridae were the dominant and constant viral members in FTR, accounting for 66.7% on average (Figure 6a ). The presence of typical phages and other viruses was confirmed by transmission electron microscopy ( Figure 7) . Among detected species, phages infecting cyanobacteria appeared with the top frequency of 29.2%, totaled from Synechococcus phages (19.3%), Prochlorococcus phages (7.6%) and cyanophages (2.3%), echoing the fact that Synechococcus is more detectable than Prochlorococcus in FTR. In the ocean, the cyanobacteria Synechococcus and Prochlorococcus are the major phytoplankton fixing carbons via photosynthesis (Waterbury et al., 1986; Partensky et al., 1999; DeLong and Karl, 2005; Jardillier et al., 2010) , and marine cyanophages reportedly participate in the process by carrying the ratelimiting photosystem II protein D1 in their genomes (Sullivan et al., 2006) . Because cyanophage D1 protein were reportedly detectable in other freshwater lakes (Chenard and Suttle, 2008) , we tried homology search and also detected D1 proteins in our metaviromes. However, any homology search is highly database-dependent. The detected prevalence of cyanophages in FTR could result from the extensive studies on them in the past decade. Still, average 68.3% ORFs (Supplementary Table S1) in our metaviromes remains unexplored.
Using host types to characterize the viral community provides another perspective to examine the ecological implications of FTR. Bacteriophages were still the dominant type of virus in FTR, comprising 72.4% of samples on average (Figure 6b ). Besides that, the relative abundance of viruses hosting in terrestrial plants (e.g., banana bunchy top, coconut foliar and subterranean clover) and animals (e.g., goose, starling and raven) seems to harmonize with the precipitation in the past 1 week before sampling (r ¼ 0.724, P ¼ 0.104) (Figure 8) . Although the correlation is of a moderate significance in statistical test, the phenomenon that the runoff after precipitation transfers terrestrial viruses to FTR is intriguing and worth further studying.
The viral genotype richness, evenness and diversity of metaviromes were modeled using PHACCS ( Table 2 ). The V2 and V4 were the most genotyperich (7868 and 21 832 genotypes) and diverse (H 0 of 7.045 and 7.066). However, the viral diversity in FTR was lower than the ocean (H 0 of 9.81) (Angly et al., 2006) . When combined with estimates of evenness (FTR, 0.797; ocean, 0.910), FTR was both lower in viral diversity and evenness than the ocean, implying the biased dominance of a few viruses in FTR. The simplest viral community was found in V3 (2008 winter) with only 352 predicted genotypes, which was less than the second winter sample (V6). By correlating paired microbial and viral community data, we found a negative correlation between them in Shannon index (H 0 ) (r ¼ À 0.619, P ¼ 0.190), whereas a positive correlation in richness (r ¼ 0.467, P ¼ 0.350) (Supplementary Figure S11) . As both of them have P-values above 0.05 in correlation tests, further investigation would be required to validate these observed correlations.
Viral functional profiles in FTR
Using the same comparative paradigm as microbes, we compared our viral metagenomes to four oceanic viral samples collected from the Arctic Ocean, the Bay of British Columbia, the Gulf of Mexico and the Sargasso Sea (Supplementary Materials and Materials and methods). Three hundred and eighty OGs enriched in FTR (Po0.05, Poisson model, comparing two groups), especially in the categories of general function (R, P ¼ 9.94 Â 10 À 11 , binomial test), DNA processing (category L, P ¼ 9.25 Â 10 À 6 ), function unknown (S, P ¼ 1.11 Â 10 À 5 ), transcription (K, P ¼ 0.0161) and envelope (M, P ¼ 0.0275) (Supplementary Figure S12) .
In the top-10 significantly enriched functions of DNA processing (Supplementary Figure S13B) , essential functions for viral DNA replication and infection were detected in all compared metaviromes, but were on average more abundant in FTR. These included DNA polymerase I (COG0258), replicative DNA helicase (COG0305), DNA modification methylase (COG0863), site-specific recombinase (COG1961) and integrase (COG0582). Over 70% (15/21) genes assigned to intein/homing endonuclease (COG1372) matched eukaryotic homologs, probably brought by eukaryotic viruses in FTR. In the general function (category R), several typical virus structural proteins including sheath (COG3497) and tail fiber (COG5301) were marginally detectable in ocean viral metagenomes (Supplementary Figure S13A) , suggesting morphological differences between all the viral assemblages that were compared.
Discussion
In this long-term study, we applied metagenomics to monitor the microbial and viral communities in a subtropical freshwater reservoir and to validate metabolic characteristics underpinning local system. In FTR, microbial communities were found to be dynamic throughout the entire survey period, which differs from the seasonal patterns found in other marine microbial communities (Gilbert et al., 2012) . As our survey was conducted over only 2 years, with only six sampling instances, a more intensive (i.e., monthly) and longer sampling design could help to more clearly define underlying succession patterns in the FTR microbial community. The variation of viral communities majorly occurred within different viral families (Siphoviridae, Myoviridae, Podoviridae and Microviridae), and several terrestrial eukaryotic viruses were detected intermittently. As multiple Freshwater microbial communities have been found to be resilient to both natural and artificial disturbance (Jones et al., 2008; Shade et al., 2011 Shade et al., , 2012 . Usually the community composition returns to the control state within weeks or months, depending on the intensity of the disturbance. In our survey, M1 and M5 possessed similar community structure (Figures 4 and 5 ), which were two communities that were sampled 1-year apart. Although the sampling schedule for M5 was formulated to observe the effects on the community post-typhoon, the closest typhoon, Nuri at 2008, did not land and brought little precipitation to FTR. In addition, the typhoon before Nuri occurred 1 month earlier to M5 sampling (Figure 2) , suggesting that the resilience of the local community could occur when no severe disturbance like typhoon takes place within a period of time long enough in summer, for example, 1 month. The 6-year survey in surface ocean bacterial community suggested that the most common and abundant bacterial OTUs have temporal niches defined by broad seasonal changes, and the most variable OTUs can be temporally defined as well as by nutrient pulses and changes in currents (Gilbert et al., 2012) . Thus, the similar community composition shared by M1 and M5 may represent a typical community structure having temporal niche defined by constant summer conditions, whereas typhoons in summer may result in a short-term niche by changing limnological parameters and introducing exotic species that disrupt community compositions, which are plausibly explaining the exceptional community of M2. For metagenomic contents, typhoons can perform similar disruption by introducing foreign DNAs to the FTR freshwater. After the passage of typhoons, the homogenization of metagenomes could happen in the enclosed ecosystem if no severe disturbance occurred in a period of time, which thus accounts for the similar genomic make-up shared by M4 and M5 (based on the %GC and principal component analysis). However, how the metagenome was homogenized (or became similar) after typhoon is still elusive. We hypothesized that it would be partly contributed by the constrained environmental natures and constant seasonal condition.
FTR comprises Actinobacteria, Alphaproteobacteria, Betaproteobacteria, Cyanobacteria, Flavobacteria and Sphingobacteria as major lineages accounting for 77.9% abundance on average. The exceptional dominance of Flavobacteria in M2 can be explained by the potential association between them and cyanobacteria. Flavobacteria reportedly thrive after a cyanobacteria bloom (Grossart et al., 2005; Berg et al., 2009 ) because they are proficient in degrading polysaccharides released by cyanobacteria (Kirchman, 2002) . Suggested by the enumeration data (Supplementary Materials and methods), we found that a cyanobacteria bloom occurred before M2 but not before other samplings (Supplementary Figure S14) ; thus, the successive pattern 'cyanobacteria first, then flavobacteria' is likely applicable in FTR. Besides that, the typhoon has been reported to deliver oxygen-rich water in FTR (Fan and Kao, 2008 ) and a higher oxygen concentration was found in M2 (Supplementary  Table S2 ). Thus, we speculated that the oxygen also in part contributed to the dominance of Flavobacteria at that time.
Based on the results of multivariate analysis of variance, the precipitation at FTR had an important role in the community dynamics, in agreement with the suggestion that the extreme precipitation is one of the proposed disturbances shifting microbial community (Shade et al., 2012) . This is a reasonable observation since the runoff from catchments brings terrestrial bacteria along with various kinds of nutrients to the reservoir. Both direct (i.e., new bacteria) and indirect (i.e., nutrients) disturbances contribute to the alternations in the FTR microbial community. According to the geographical location of Taiwan, seasonal precipitations (i.e., plum rain in late spring, typhoons in summer and autumn, and northeastern monsoons in winter) thus make FTR a frequently disturbed ecosystem. As suggested by the lack of consistent community structure over this 2-year survey, more intensive sampling is required to fully capture the rapidly changing dynamics of the community.
Similar to the decoupling between microbial community composition and metabolism found in the open ocean (Hewson et al., 2010) and bacteria on green macroalga (Burke et al., 2011) , we found that M1 to M6 COG family profiles are less divergent (L-divergence 0.24 ± 0.04) than the genera composition (0.73 ± 0.25). Because genomic diversification is important for microbes to adapt to different environments (Sanchez-Perez et al., 2008; Wiedenbeck and Cohan, 2011; Wu et al., 2011) , the enriched transposase in microbial metagenomes not only indicates the high genomic recombination activities in local community, but also suggests the important role of genomic recombination for microbes surviving in such an ecosystem with frequent disturbances. Moreover, the sparsely detectable clustered regularly interspaced short palindromic repeats (Supplementary Table S5 )-which are genetic loci that immunizes prokaryotes against exogenous genetic elements (Marraffini and Sontheimer, 2010)-may also serve as another way of improving microbial fitness in FTR by lowering resistance to foreign DNAs.
Gene enrichment analysis demonstrated that there were niche-specific relationships between environmental conditions and gene function by comparing FTR with other ecosystems. For example, in FTR, enriched antibiotic genes and transporters reflected the need to cope with antibiotics in the surrounding water. Furthermore, Poisson regression revealed dynamic associations between gene abundance and environmental changes. A good example is that the copy number of alkaline phosphatase increased when phosphate concentration decreased, delineating the selection of phosphate availability on microbes that are more efficient in phosphate scavenging.
In this 2-year survey, viral abundance followed seasonal variations, increasing in summer and decreasing in winter (Supplementary Figure S15) . This is suspected to be caused by the low host activity (i.e., productivity) and abundance in winter (Supplementary Figure S15) . The enrichment of viral integrase in the FTR metaviromes could result from the comparison against marine viral communities, in which the composed phages seemingly lack recognizable integrase in their genomes (Paul and Sullivan, 2005) and may involve the higher diversity in their lysogeny mechanisms (Breitbart, 2012) . In addition to bacteriophages, we also detected terrestrial eukaryotic (i.e., plant and animal) viruses in FTR, varying from 2.9 to 27.9% in proportion, which is higher than desert ponds (Fancello et al., 2012) . One of the major sources of terrestrial plant and animal viruses is the catchment area. In support of this statement, we found that the total abundance of animal and plant viruses cofluctuated with precipitation levels at FTR 1 week before sampling (Figure 8 ), although with moderate significance, suggesting that seasonal climatic activities with continuous or heavy precipitations (e.g., plum rain, typhoons) can disturb viral communities by bringing exotic viruses to FTR.
